I. Introduction
First described by Robert Hooke in 1665 (Hooke, 1665) , a cell is the fundamental unit of life. Since then, light-based microscopes have been used extensively to identify structures such as the nucleus, mitochondria, and Golgi apparatus within a cell. Further technological improvements, such as dark field, phase contrast, differential interference contrast (DIC), and fluorescence imaging (Murphy, 2001) , have expanded our ability to probe the structure of a cell. However, due to the diffraction limit of light, structures cannot be pinpointed in a cell (McCutchen, 1967) . Thus, although Golgi staining was used to reveal the basic anatomy of neurons (Cajal, 1894 (Cajal, , 1899 (Cajal, , 1903 , neither the synaptic connections between neurons nor subcellular structures, such as synaptic vesicles, have yet been directly observed by light microscopy.
To overcome the resolution limit of light microscopy, electron microscopy was developed in 1931 (Knoll & Ruska, 1932) . With the shorter wavelength of electrons, resolution was improved to less than 1 nm, allowing for a complete depiction of subcellular structures. However, proteins important for cellular functions cannot be easily identified in electron micrographs. An immunocytochemical approach on plastic sections has been the best method available to identify the location of a protein at the ultrastructural level. However, this approach is difficult. The proteins lose antigenicity or are inaccessible due the fixation and plastic embedding. Thus, although electron microscopy has tremendous resolution advantages over light microscopy, its use has been limited in biology.
VI. Perspective
Despite the resolution limit imposed by the diffraction of light, fluorescence microscopy has become the most popular imaging technique in cell biology since the turn of the twenty-first century. There are two types of fundamental innovations that continue to extend the utility of fluorescence microscopy in cell biology: first, the discovery and synthesis of new fluorescent probes and second, developments in microscopy techniques. The most important innovation was the discovery and adaptation of genetically encoded fluorophores, the first of which was green fluorescent protein (GFP) (Chalfie, Tu, Euskirchen, Ward, & Prasher, 1994; Shimomura, 2009) . Subsequently, fluorophores with many different excitation and emission spectra have been developed (Tsien, 1998; Zhang, Campbell, Ting, & Tsien, 2002) . Using different sets of fluorescent probes, the spatial relationships of multiple proteins in a cell have been studied. Furthermore, microscopy techniques that allow three-dimensional visualization of proteins have been developed. The first step in three-dimensional fluorescence imaging was the invention of confocal microscopy. In confocal microscopy, specimens are scanned in x-y dimensions while out-of-focus fluorescence is blocked by an aperture. Only in-focus fluorescence is detected for the reconstruction of an image. However, these techniques are light based and hence the resolution is still limited to ~200 nm. Recently, groundbreaking improvements in microscopy techniques have extended resolution beyond the diffraction limit of light.
Super-resolution fluorescence microscopy overcomes the diffraction barrier by isolating fluorescence from each molecule spatially and temporally (Hell, 2007) . For example, stimulated emission depletion (STED) microscopy allows the emission of fluorescence from an area smaller than the diffraction limit (Hell & Wichmann, 1994) . STED is similar to confocal microscopy in that all fluorescent proteins in a diffractionlimited spot are excited by a scanning laser. However, a doughnut-shaped de-excitation beam that immediately follows the excitation beam brings the excited molecules back to the ground state without allowing the emission of fluorescence. Thus, fluorescence is only collected from the center of the doughnut, which is smaller than the diffraction limit. This subdiffraction spot is scanned across a specimen to generate an image. A resolution of ~30 nm can be achieved using this technique (Harke et al., 2008) .
Another super-resolution fluorescence technique is photoactivated localization microscopy, PALM (Betzig et al., 2006) , and its related techniques: fluorescence photoactivation localization microscopy, fPALM (Hess, Girirajan, & Mason, 2006) ; groundstate depletion with single-molecule return, GSDIM (Fölling et al., 2008) ; stochastic optical reconstruction microscopy, STORM (Rust, Bates, & Zhuang, 2006) ; and direct stochastic optical reconstruction microscopy, dSTORM (Heilemann et al., 2008) . In these techniques, each molecule is present one at a time by changing the fluorescence state of individual fluorophores. For example, in PALM and STORM, fluorophores can be photoactivated from a nonresponsive state to a responsive state one at a time ( Fig. 7(A) ; Gurskaya et al., 2006; Patterson & Lippincott-Schwartz, 2002; Wiedenmann et al., 2004) . Alternatively in GSDIM, fluorophores can be driven into a dark state, from which they return to the ground state in a stochastic manner (Fig. 8(A) ; Fölling et al., 2008; Heilemann et al., 2008) . By taking advantage of such responses, each molecule is isolated stochastically in space and time. By acquiring multiple images and calculating the centroid of each fluorescent spot, all the molecules in the field are mapped to produce the final image. Using these techniques, resolution can be improved to ~20 nm (Betzig et al., 2006; Hess et al., 2006; Rust et al., 2006; Shtengel et al., 2009) .
Irrespective of the technique used, all super-resolution fluorescence imaging has the disadvantage that cellular context is missing from the images. To overcome this problem, attempts have been made to combine fluorescence microscopy with electron microscopy.
Methods for correlating protein localization in light and electron micrographs can be separated into three approaches: preembedding fluorescence microscopy, preembedding diaminobenzidine (DAB) imaging, and postembedding fluorescence electron microscopy (fEM). Preembedding fluorescence microscopy is the simplest: the whole cell is imaged using normal fluorescence techniques first to localize the protein and the specimen is then processed for electron microscopy (Müller-Reichert, Srayko, Hyman, O'Toole, & McDonald, 2007; Oberti, Kirschmann, & Hahnloser, 2010; Polishchuk et al., 2000; Verkade, 2008) . This approach makes fluorescence imaging simple; however, precisely locating the same region of interest in the electron microscope is difficult and it does not localize proteins with high-definition. The DAB precipitation method uses photooxidation (Grabenbauer et al., 2005; Shu et al., 2011; Sosinsky, Giepmans, Deerinck, Gaietta, & Ellisman, 2007) or enzymatic oxidation (Schikorski, 2010) of DAB, which forms precipitation that can be observed via both light and electron microscopy. This method can be useful when the proteins of interest are not abundant in the cell. However, the electron-dense precipitation of DAB molecules may obscure the fine details of electron micrographs, especially when the proteins are abundant. Moreover, this technique is only compatible with conventional chemical fixation, and thus fixation artifacts caused by dehydration (McDonald, 2007) are inevitable. Correlative fEM preserves fluorescence in plastic sections and images fluorescence and electron-dense structures from the same sections (Kukulski et al., 2011; Micheva & Smith, 2007; Nixon et al., 2009; Schwarz & Humbel, 2007; Sims & Hardin, 2007; ) . Fluorescence signals can be overlaid on electron micrographs using this approach, but the disparity between diffraction-limited fluorescence imaging and ultrastructure means that the proteins cannot be precisely localized, and the preservation of fluorescence and morphology is often compromised. Recently, we have developed a method, called nano-fEM, that preserves 60-70% fluorescence while retaining good ultrastructure (Watanabe et al., 2011) . By applying super-resolution imaging techniques, proteins can be localized to subcellular structures with ~20 nm resolution. Here we will describe our improved methods for protein localization in electron micrographs and discuss the current issues and future directions of this approach.
II. Rationale
To fully characterize the functions of a protein, the location of the protein relative to the subcellular structures must be revealed. A fluorescence-tagging approach is a very robust method to localize proteins at a subcellular level. If super-resolution fluorescence imaging is applied, the resolution of fluorescence images can be comparable to that of electron micrographs (Hell, 2007) . However, the lack of cellular context in fluorescence images limits the ability to localize proteins to subcellular structures. On the other hand, immuno-electron microscopy has high resolution, but it is limited by the poor quality of fixation and availability of antibodies (Morphew, 2007; Rostaing, Weimer, Jorgensen, Triller, & Bessereau, 2004; Roth, Bendayan, Carlemalm, Villiger, & Garavito, 1981) . A combination of these two techniques can merge the robustness of fluorescence imaging with the ultrastructures depicted by electron microscopy and potentially reveal protein localization at its maximum resolution. Therefore, we sought fixation conditions that preserve both fluorescence and morphology in the plastic sections.
We recently published a paper describing methods for correlating STED or PALM images with electron micrographs (Watanabe et al., 2011) . With 60-70% preservation of fluorescence after fixation and plastic embedding, signals appeared very bright using STED microscopy. This result was partly due to the brightness and the superior quantum efficiency of Citrine (Heikal, Hess, Baird, Tsien, & Webb, 2000) used for STED. However, the resolution of STED was ~50-70 nm (Watanabe et al., 2011) . On the other hand, the average localization precision of PALM images, that is, a standard error of mean of a localization, was ~12 nm (Watanabe et al., 2011) . However, photoconvertible fluorescent proteins appeared more sensitive to the sample preparation. Moreover, PALM imaging is often restricted to a single color. Therefore, we sought to improve fEM technique in two ways. First, we have been refining the protocol to preserve more photoconvertible fluorescent proteins without compromising the morphology. In this chapter, we will present a new protocol that preserves ~90% of fluorescence with the same quality of ultrastructure. Second, since Citrine is very bright and has shown to be compatible for GSDIM (Lalkens, Testa, Willig, & Hell, 2011) , we also tested GSDIM imaging using Citrine. Fluorescent proteins compatible for multicolor PALM imaging are rare; thus, if this approach is successful, GSDIM imaging will allow the use of specimens that have already been tagged with fluorescent proteins for confocal microscopy.
III. Methods
To perform postembedding fluorescence imaging, fluorescent proteins must be functional in plastic sections. The retention of fluorescence through the fixation and plastic embedding processes is extremely difficult because of the oxidizing, acidic, and dehydrated conditions required for sample preparation. Fluorescent proteins require a hydrated environment with alkaline pH for their best performance (Tsien, 1998) . Thus, we optimized the protocol to balance the preservation of morphology and fluorescence. Protein localization using correlative nano-fEM consists of the following seven steps: high-pressure freezing, freeze-substitution, plastic embedding, sectioning, super-resolution imaging, electron microscopy imaging, and image alignment (Fig. 1) .
A. High-Pressure Freezing
High-pressure freezing is the first step required for preserving both fluorescence and morphology. The high-pressure freezing and freeze-substitution techniques allow nearinstantaneous immobilization of specimens, prevent fixation and dehydration of artifacts such as protein aggregations (Payne, 1973) , and also prevent membrane shrinkage (McDonald, 2007) often observed using the conventional method. The preparation can be carried out in the way recommended for the specimens of choice (McDonald et al., 2010; Müller-Reichert, 2010) . For Caenorhabditis elegans, transgenic animals expressing photoconvertible fluorescent proteins are raised in an opaque box to minimize their exposure to ultraviolet light. Raising them in darkness prevents spontaneous photoconversion of fluorescent proteins. Once animals are raised to the desired developmental stage, typically to adulthood, they are subjected to freezing. For Baltec HPM 10, two types of specimen carriers are used: type A and type B. Type A has two chambers. One is The cellular water is substituted with acetone, while tissues are fixed with 0.1% potassium permanganate and 0.001% osmium tetroxide (D, E). The specimens are embedded into GMA plastic (F). The plastic block is trimmed to the region of interest (G), and thin slices (~80 nm thick) of tissues are cut using a diamond knife (H). Sections are imaged first with super-resolution fluorescence microscopy (I) and second with SEM (J). The correlative image is then aligned based on the fiducial markers (K).
100 µm deep and the other is 200 µm deep. Type B has a 300 µm-deep well on one side and a flat surface on the other side. Hexadecane should be applied to the 100 µm-deep well of type A and the flat side of type B. Hexadecane should be removed from the wells by blotting the carriers against a piece of filter paper. Since the diameter of an adult C. elegans is about ~70 µm, we mount animals into the 100 µm-deep side of a type A specimen carrier. We add animals and bacteria to the specimen carrier by scooping animals from the lawn of bacteria (Escherichia coli) with a paintbrush. The bacteria serve as cryoprotectants. This configuration allows us to separate the animals easily from the bacteria during the plastic embedding step. Alternatively, 20% BSA in M9 solution can be used (McDonald, Morphew, Verkade, & Müller-Reichert, 2007) . However, it is harder to dissociate the animals from the BSA solution. The chamber should be slightly overfilled to avoid trapping air bubbles in the chamber when it is capped with the flat side of the type B specimen carrier. We then freeze the specimens as instructed by the manufacturer.
B. Freeze-Substitution
Following high-pressure freezing, the vitrified water is replaced with organic solvents such as acetone so that the water does not recrystallize when the specimens are brought back to higher temperatures for plastic embedding. In addition, fixation of tissues is carried out simultaneously to stabilize the subcellular structures and enhance the contrast of tissues.
Prior to the freeze-substitution, cryovials containing 0.1% potassium permanganate and 0.001% osmium tetroxide in 95% acetone (a mix of anhydrous acetone with milliQ water) are frozen in liquid nitrogen. The use of acetone as a freeze-substitution medium is critical for preserving ultrastructure because acetone cross-links with membrane (Weibull & Christiansson, 1986; Fig. 2) . The automated freeze-substitution (AFS) unit should also be prepared as instructed by the manufacturer. The program should be set as summarized in Table I . The duration at -90°C can be shortened or lengthened to accommodate one's schedule. . The ventral nerve cord in an adult C. elegans is shown in each case. Note that ethanol washed out the tissues. 0.1% potassium permanganate and 0.001% osmium tetroxide was used as the fixative in both cases. The membrane contrast was enhanced by both en bloc staining and section staining using uranyl acetate.
The frozen samples are transferred into the cryovials containing the fixative under liquid nitrogen. Only the specimen carrier containing specimens (typically type A) is transferred into the cryovials. The cryovials are capped and placed in the AFS, which is held at -90°C. To ensure the homogeneity of the fixative and to accelerate the diffusion of chemicals, the cryovials are shaken periodically (at least twice a day). When the temperature reaches -60°C, a glass vial containing 95% acetone is placed in the AFS chamber. As soon as the temperature reaches -50°C, the fixative is replaced with 95% acetone. To ensure the complete removal of the fixative, this step is repeated five times with 20 min intervals. In the meantime, 0.1% uranyl acetate in 95% acetone is prepared and precooled to -50°C. At the last washing step, 95% acetone is replaced with the uranyl acetate solution. Uranyl acetate stains phospholipids and nucleic acids and does not affect fluorescence (Kukulski et al., 2011) . Uranyl acetate is often included in the fixative; however, we have observed improved morphology when uranyl acetate is applied after fixation. It is possible that the uranyl acetate interferes with osmium cross-linking the membranes. The AFS program should be resumed if paused. The vials containing 95% ethanol (anhydrous ethanol + 5% milliQ water) are placed in the chamber so that the solution is precooled. When the program reaches the -30°C step, the uranyl acetate solution is replaced with 95% ethanol. Again, this step is repeated five times over a period of 2 h. Although ethanol can extract lipids (Weibull & Christiansson, 1986) , switching from acetone to ethanol is necessary to make the specimen competent for acrylic resin embedding, since acetone interferes with plastic polymerization by scavenging free radicals (Newman & Hobot, 1993) . About 90% of fluorescence can be preserved using this protocol (Fig. 3) . If significant reduction in fluorescence level is observed using this protocol, one may need to alter the duration of uranyl acetate application because some batches of uranyl acetate is highly acidic and quenches fluorescence. One hour of incubation is sufficient for enhancing the contrast of tissues. 
C. Plastic Embedding
After freeze-substitution, specimens are infiltrated with glycol methacrylate (GMA). The infiltration is carried out in a stepwise fashion (30%, 70%, and 100%) at -30°C. The stock solution of GMA can be prepared by mixing 22.7 ml of GMA, 10 ml of butyl methacrylate, 1 ml of milliQ water, and 200 mg of benzoyl peroxide in a 50 ml conical tube. Dissolving benzoyl peroxide may require a few minutes, and thus it is best to leave the tube on the nutator in a cold room. Once the benzoyl peroxide is fully dissolved, the stock solution is transferred into 20 ml scintillation vials and stored at -20°C until use. To prepare the infiltration media, we mix the GMA stock solution media with 95% ethanol. The infiltration media is then placed in the AFS chamber. This step should be carried out concurrently with the ethanol-washing step of freeze-substitution so that the medium is cooled down to -30°C before use. Each step of the infiltration process can be spaced to accommodate one's schedule. Specimens are typically incubated with the 30% solution for 2-4 h, the 70% solution for 3-5 h, and the 100% solution overnight.
The next day, the specimens are transferred into the cap from a polypropylene BEEM capsule. An Aclar disk, prepared by a 3/8× punch, should be placed at the bottom of the cap. The disk makes the surface of the plastic smooth which makes trimming of the block easier. An Aclar disk must be placed on the top surface of the resin as well if you are using LR White, since oxygen will prevent the polymerization of the acrylic resin. Specimens are placed on the top of the Aclar disk, and thus the Aclar disk blocks oxygen at the base of the cap. The media is exchanged twice more, with a 2 h interval. Animals are separated from the bacteria so that individual nematodes are exposed to plastic without being surrounded by bacteria or other animals. Acrylic resin does not cross-link with tissues; thus, when sectioned, specimens can dissociate from the surrounding plastic, resulting in distortion of the plastic and discontinuity of the ribbon of sections (Fig. 4(A) ). If individual animals that are completely surrounded by the plastic are sectioned one at a time, the distortion of the plastic will be minimal, improving the sectioning result (Fig. 4(B) ). Therefore, the removal of the cryoprotectants is critical. At the final step, a catalyst, n,n-dimethy-p-toluidine, is added to the GMA stock solution at a concentration of 1.5 µl catalyst per 1 ml GMA stock. The reaction is highly exothermic and can be complete within 30 min of the addition of the catalyst at room temperature, so the catalyst should be added while the GMA stock solution is held in the AFS chamber. The specimens should be left in the chamber overnight to ensure completion of the process. Specimens are stored in nitrogen-gas-filled vacuum bags (Ziploc) at -20°C to reduce oxidation of the fluorescent protein.
D. Sectioning
Once the plastic has polymerized, the specimens can be manipulated at room temperature. A room with bright sunlight or even bright room light should be avoided at all times. To find a region of interest before sectioning, the specimens can be exposed briefly (~1 s) to blue light. Once the area of interest has been located under the stereomicroscope, a knife mark is left near this area, and the block is trimmed to the knife mark using a razor blade. Sectioning of GMA plastic can be challenging because of the hydrophilic nature of the plastic. If further trimming of the block with a glass knife is necessary, water in the boat should be underfilled. If water gets on the block face, the section submerges rather than floats on the surface and cannot be retrieved.
Ultrathin sectioning can be carried out in a manner similar to that used for epoxy resins. However, sectioning quality of GMA is inconsistent. Cutting even the same block on a different day may result in poor appearance of morphology (Fig. 4(C and  D) ). Occasionally, folding of a tissue due to sectioning can also be observed (Fig. 4(E) ). In addition, structures such as lipid droplet in gut can also dissociate while sectioning (Fig. 4(F) ). Sectioning thickness and cutting speed can be adjusted to minimize the sectioning artifacts--we often cut 80 nm thick sections with the cutting speed of 1.6 mm/s.
If sections are imaged on a TIRF microscope, the sections must be mounted directly on a coverglass; otherwise, sections can be mounted on a transmission electron microscopy (TEM) grid. For PALM imaging, autofluorescence from dust particles can also be detected because of the high sensitivity of the EMCCD camera. Therefore, coverglasses should be cleaned using piranha solution. The piranha solution can be prepared by mixing three parts of sulfuric acid and one part hydrogen peroxide. The coverglasses are left in the piranha solution for 1 h, washed thoroughly with milliQ water six times, sonicated for half an hour, and washed again with milliQ water six times. This treatment leaves the surface of the coverglasses hydrophilic, which is not ideal for picking up sections. The addition of a few drop of hexamethyldisilazane (HMDS) in a sealed jar containing the coverglasses creates the hydrophobic surface.
There are two ways to mount sections on a coverglass (Fig. 5) . First, sections can be picked up using a perfect loop (Electron Microscopy Scieneces) or something similar and placed on a coverglass (Fig. 5(A) ). A problem with this approach is that sections may dissociate from the ribbon in the process. The loop should be cleaned using ethanol prior to use so that dust particles are not transferred with the sections. The use of a Kimwipe or filter paper to remove water from the loop also leaves dust on the sections, so the drop of water containing sections should be blown off to a coverglass from the loop. Once the water evaporates, sections will adhere to the surface of the coverglass. The second method is to use a diamond knife with a large boat so that a coverglass can be submerged in the water to pick up sections, just as they are on a TEM grid (Fig. 5(B) ). Mounting sections in the middle of the coverglass is technically more challenging because sections become invisible in the concave water surface created from submerging the coverglass in water. A longer ribbon can be mounted on a coverglass using this method, whereas the dimension of the ribbon is restricted by the size of the loop in the former case. Ideally, sectioning should be carried out in a darkened room. Once sections from the region of interest are collected, the coverglass should be covered with aluminum foil and stored at -20°C until further processing.
E. Fluorescence Imaging
Prior to fluorescence imaging, a solution containing gold nanoparticles should be applied to the sections for 1 min. The sections are then soaked in milliQ water for 2 min. The 100 nm gold nanoparticles emit red fluorescence when excited by green light due to surface plasmon resonance (Link & El-Sayed, 1999 ) and reflect electrons when imaged under an electron microscope. Therefore, they can mark both fluorescence images and electron micrographs and serve as alignment markers for the image correlation. The solution containing gold nanoparticles with a concentration at 1.2 × 10 10 particles/ ml is applied to the specimen for ~30 s to 1 min and then removed by blowing the solution off to the side of the coverslip and blotting it using a Kimwipe or filter paper. Next, a drop of water is applied to the sections. The water restores the function of fluorescent proteins. After fixation and plastic embedding, some of the fluorescent proteins are preserved in a nonfluorescent state (Watanabe et al., 2011) . We found that the addition of water prior to imaging increases the fluorescence intensity 30-fold (Watanabe et al., 2011) . However, autofluorescence in GMA resin also increases after hydration. This increase is detected by an EM-CCD camera, with which the PALM scope is equipped. Therefore, PALM imaging cannot be carried out while immersing the samples in water.
Water is only applied to specimens for 2 min and is removed just prior to imaging. The use of a Kimwipe or filter paper to draw the solution off directly from the specimen would introduce dust particles into the sections and induce autofluorescence, so the solution must be blown to the edge of the coverslip and then absorbed onto a Kimwipe or filter paper. For PALM imaging, the microscope should be set up as recommended by the manufacturer. The frame rate should be set at 20 Hz or less. Bright field illumination should be used to locate specimens. A low-intensity 488 nm laser can be employed to localize proteins in the region of interest if necessary but should be avoided if possible. Once the region of interest is set, 561 nm laser light at the highest intensity should be applied for ~2 min to the specimen to bleach the autofluorescence. To collect images, the activation laser and readout laser should be set at their lowest and maximum intensities, respectively. We usually collect ~ 6000 frames per section; this is sufficient to sample the distribution of fluorophores. However, if every molecule in the region must be localized, the frame number should be increased accordingly. If the activated molecules in a given space are sparse, the activation energy can be gradually increased. It is important to note that the computer calculates the centroid of each fluorescent spot; thus, if two molecules emit fluorescence in a given diffraction-limited spot at the same time, only one dot would be placed in the middle of these two molecules, resulting in a false negative. PALM images should be acquired from each section on the coverslip. The sections become dehydrated during a long imaging session, so they are rehydrated with a drop of milliQ water approximately every half-hour. Again, the milliQ water should be blown to the side before absorbing it onto a Kimwipe or filter paper to avoid contamination.
For GSDIM imaging, fluorescent proteins must be driven into the dark state in the absence of oxygen (Fölling et al., 2008) . Plastic seems to serve as a diffusion barrier for oxygen; thus, a solution containing oxygen scavengers or a chamber filled with nitrogen gas may not be necessary. Following the gold particle application and hydration described in the previous section, 488 nm laser at 5 mW/mm 2 intensity is applied to induce the state shift of fluorescent proteins from the ground to the dark state (Fig.  8(B and C) ). About 5000 images are collected at a frame rate of 20/s while applying a continuous 488 nm laser at 1 mW/mm 2 .
After their acquisition, images should be processed for PALM (Fig. 7 (B and C) or GSDIM (Fig. 8(D and E) . Since some background fluorescence is inevitable when imaging plastic sections, it should be filtered out in the final fluorescence image. For background subtraction, we impose two thresholds: fluorescence lifetime and brightness. The emission from tdEos molecules typically lasts for ~500 ms or less before they become bleached when 5 mW/mm 2 laser is applied. A threshold of 500 ms is set so that any molecules that fluoresce for longer than 500 ms do not appear in the final image. Additionally, low-intensity background autofluorescence can be subtracted by visualizing the molecules with high-localization precision. Localization precision depends on the number of photons collected at each spot. Fluorescence from tdEos or Citrine molecules often appears brighter than background fluorescence; hence, by imposing a threshold for localization precision, low-intensity noise can be filtered.
F. SEM Imaging
To observe the ultrastructure of biological specimens under a scanning electron microscopy (SEM), tissues must first be post-stained with uranyl acetate, and then coated with carbon. Although uranyl acetate is applied to the specimens during the cryosubstitution process, the contrast is insufficient for SEM imaging. To post-stain the sections, a solution containing 2.5% uranyl acetate in milliQ water should be prepared. Filtering the solution using a 0.2 µm syringe filter is highly recommended. A drop of the solution is applied directly to the top of the sections, and after 4 min, it is washed off by gently running filtered milliQ water thoroughly over the specimens. The sections should be air dried rather than blotted with filter paper.
Plastic sections and coverglasses are not electron-conductive materials. Thus, the surfaces of such specimens will be charged when placed under the electron beam. To prevent charging, specimens must be coated with carbon. Using a carbon sputter, a layer of carbon is applied to the specimen so that the glass slides appear dark brown. The surface of the specimen is then grounded by applying one end of a piece of carbon tape to the edge of the glass and attaching the other end to the base of the specimen stub. The electrons that accumulate on the glass surface will now run to the ground.
After preprocessing and the routine alignment of the microscope, the samples can be imaged. Backscattered electrons should be collected. The FEI Nova Nano has two features that make it more sensitive to backscattered electrons. First, a magnetic field can be applied between the pole piece and the specimen so that backscattered electrons do not leave the beam path. The stage can also be negatively biased so that backscattered electrons can be accelerated toward the detector. A combination of the magnetic field and stage bias thus enhances detection efficiency. Typically, the specimen current is set at 0.11 nA, the accelerating voltage at 5 keV, and the landing energy at 3 keV. "Immersion mode" should be turned on. Typically, two sets of images are generated: low magnification and high magnification. A fluorescence image is aligned to the low magnification image. The higher magnification image is then used to observe the distribution of signals relative to the subcellular structures. The grayscale of the image should be inverted to resemble a transmission electron micrograph.
G. Image Alignment
A fluorescence image and an electron micrograph are aligned based on gold fiducial markers. This is possible because the 100 nm gold nanoparticles emit fluorescence in red and reflect electrons, marking both fluorescence and electron micrographs (Fig. 6(A  and B) . To align the images, a new window of 5000 × 5000 pixels with a resolution at 300 pixels/in. should be opened in Photoshop. The low magnification electron micrograph is then copied and pasted to the window and transformed ("command" + "t" for Mac) so that the image occupies about 80% of the space. The aspect ratio of the image should not be changed when the image is transformed (holding down the "shift" key while scaling the image will keep the ratio). The sum TIRF image is copied to a new layer and transformed (scaling, translation, and rotation) so that the fluorescence from the gold particles lies on top of particles visualized in the electron micrographs (Fig.  6(B) ). For alignment, although some gold particles are visible in a PALM image, a sum TIRF image should be used because fluorescence from gold particles is more distinctive from the background noise in the sum TIRF image. Nonlinear transformations may be necessary to align the images perfectly because electron beams can distort the specimens (Newman & Hobot, 1993 ). The fluorescence image is then copied to another layer and aligned on the top of the sum TIRF image using the same transformational value (Fig. 6(C) ).
For presentation purposes, a gradient transparency in the fluorescence image may be applied so that only the background pixels become transparent. First, the transformed fluorescence image should be duplicated so that the original file is not manipulated. Using "color range" under the "select" dropdown menu, select the background "black pixel" and invert the selection (the "invert" option should be clicked). The fuzziness should be adjusted so the black pixels surrounding the signals are not selected. Only now the signals should be selected. The signals are then cut and pasted to a new layer. This action leaves blanks in the locations where the signals were in the manipulated layer-this layer thus contains only the background pixels. The transparency should be set to 10% in the background layer. Now the signals are distinctive from the background, and can be overlaid on the electron micrograph. The representative images for correlative microscopy using PALM (Fig. 7(B-E) ) or GSDIM (Fig. 8(D-G) ) from the transgenic animals expressing TOM-20::tdEos or TOM-20::Citrine, respectively, showed similar distribution of proteins on the outer membrane of mitochondria.
IV. Instrumentations and Materials
A. High-Pressure Freezing 
V. Discussion
Super-resolution fluorescence microscopy allows one to precisely pinpoint the location of a single molecule in a cell (Betzig et al., 2006; Hell & Wichmann, 1994; Hess et al., 2006; Rust et al., 2006) . However, precise localization in a field of black is not useful. Where is that protein in the context of cellular structure? Where are previously described organelles in relationship to this protein? Here, we demonstrate that fluorescently tagged proteins can be correlated with ultrastructure in electron micrographs to identify the cellular location of a protein. Five issues in particular bear discussion: fixation, plastic, imaging, alignment, and quantification.
A. Fixation
Here we use a combination of potassium permanganate and osmium tetroxide followed by en bloc uranyl acetate staining to balance the fluorescence and morphology preservation at synapses. Neuronal tissues are the most sensitive to the fixation condition (Watanabe et al., 2011) , and thus the use of lipid cross-linkers, such as osmium tetroxide and potassium tetroxide, is essential. One drawback is that these cross-linkers are also oxidizing agents; consequently, fluorescent proteins may not be functional after fixation. These chemicals are less reactive at lower temperatures, so the aforementioned cryomethods are required for preserving fluorescence during sample preparation. On the other hand, fixation may not be necessary if the tissue of interest has a naturally high contrast in electron microscopy and thereby requires no additional fixation and staining with uranyl acetate. In this case, cryosectioning (Betzig et al., 2006) can be employed. However, such high-contrast tissues or subcellular structures are rare, and thus reaction with electron dense fixatives is required to elucidate the subcellular details in tissues. Recently, the use of uranyl acetate alone in the cryosubstitution medium has shown to enhance the contrast of membranes while preserving almost 100% of the fluorescence level in yeast cells and cell cultures (Kukulski et al., 2011) . Therefore, fixation conditions can be altered according to need.
B. Plastic
The choice of resin media is critical for the functionality of fluorescent proteins and the quality of sectioning. Fluorescent proteins require a hydrated environment that is neutral or alkaline in pH. There are two types of resins often used in electron microscopy: epoxy and acrylic. Epoxy-based resins have a superior sectioning quality because they can cross link with tissues; however, they are very hydrophobic, making them incompatible with fluorescent proteins. Moreover, they require a temperature of 60°C for polymerization. Fluorescent proteins are denatured at such a temperature. Acrylic resins, on the other hand, are hydrophilic, fulfilling the requirement for a hydrated environment, and can be polymerized at low temperatures by either UV light or chemicals (Newman & Hobot, 1993) . However, most acrylic resins have a low pH--fluorescent proteins are quenched in such a condition. Here we chose GMA because it fulfilled the hydrated and alkaline requirements of fluorescent proteins. However, since GMA does not cross link with tissues, dropouts of tissues are often observed. Ultimately, a plastic with good features of both types of resins should be developed.
C. Super-Resolution Fluorescence Imaging
To understand the functions of proteins, the relationship of one protein to another and to subcellular structures must be revealed. Photoactivated localization microscopy can pinpoint the location of proteins at nanometer resolution, but the applications have been somewhat limited due to the lack of fluorescent proteins compatible for multicolor imaging. Here we show that fEM can provide the structural information in the PALM image. The method described here also introduces the possibility for multiple colors to be imaged by using GSDIM. Potentially, a large number of preexisting transgenic lines, expressing GFP, for example, can be imaged at the single-molecule level using GSDIM instead of requiring the construction of strains using photoactivatable tags such as Eos for PALM imaging. Although Citrine is unique, and other fluorescent proteins such as GFP are not compatible with GSDIM imaging, other super-resolution fluorescence imaging modalities, such as structured illumination microscopy, might be employed to localize fluorescence in sections before electron microscopy. Moreover, depending on the application, diffraction-limited fluorescence spots may provide enough information so that simple correlative fEM is sufficient for one's imaging needs. For example, the subtype of neurons in a neuropil can be identified simply by overlaying the diffractionlimited fluorescence images on the electron micrographs (Micheva & Smith, 2007) . Thus, the choice of fluorescent proteins should be made based on the application. One must also remember that fEM without super-resolution imaging still produces subdiffraction fluorescence images because the axial resolution is determined by the thickness of the section, which is typically about 50 nm, rather than the actual point-spread function of the fluorescence, which is over 700 nm (Micheva and Smith, 2007) .
D. Electron Microscopy Imaging
For fEM, we have been using a SEM extensively, but TEM can also be used. However, two factors should be considered before using TEM. First, sections must be ultrathin for TEM imaging. Typically, 50-to 70 nm-thick sections are imaged by TEM. If specimens are very darkly stained with osmium tetroxide, contrast can still be obtained using a typical accelerating voltage of 100 keV. However, because the primary fixative used here is potassium permanganate, the tissue contrast is low with such a high accelerating voltage. A lower voltage can be used to enhance the contrast, but in this case, the sections must be even thinner, but obtaining such thin sections with GMA-embedded specimens can be challenging. Moderately high-resolution images (~5 nm resolution) can be achieved from the surface of the specimens in SEM with a low accelerating voltage (~5 keV), and thus the thickness of sections is not an issue. Second, a grid with lateral dimensions of 2 mm × 1 mm must be used for TEM imaging. Therefore, one must manipulate many ribbons of sections without losing sections or losing the order of the sections, whereas with SEM, long ribbons of sections can be mounted on the coverglass. Therefore, unless resolution better than 5 nm is necessary to capture cellular details, SEM offers advantages over TEM.
E. Alignment
A fluorescence image and an electron micrograph are aligned based on gold fiducial markers, but the alignment may not be precise for two reasons. First, gold particles emit fluorescence constantly. Because each particle is not stochastically activated, the fluorescence signals from a few neighboring gold particles appear as one fluorescent spot due to the diffraction limit of light. On the other hand, electron microscopy depicts the actual dimensions of the particles. The disparity in the resolution results in some ambiguity in the alignment. Second, electron beams can distort the specimen even though the sections are mounted on a solid glass surface. The distortion is usually more severe in acrylic resins such as GMA. Aligning a portion of the image or applying nonlinear transformations could help overcome this distortion problem.
F. Quantification
Counting the number of fluorescent molecules in PALM images is very tempting, but one must consider three factors that affect the number of molecules present in each spot of an image. First, fluorescence is lost during sample preparation. We reported above that most of the fluorescence is preserved when measured in our specimens at the beginning and end of the fixation and embedding procedure, but we may be overestimating fluorescence because of mechanical damage to the fluorophores during sectioning and oxidation after sectioning has not been quantified. Second, the stochastic nature of photoactivatable fluorescent proteins affects quantification. Each molecule must be activated separately in space and time and must be permanently bleached after emitting fluorescence for calculating the precise number of molecules. However, fluorophores can be easily undercounted or overcounted. The fluorophores can emit too little light and fail to be counted. Alternatively, they may return from the triplet dark state instead of becoming bleached and be counted twice. This uncertainty is compounded in GSDIM, in which overcounting is routine and thus this method is not quantitative. Third, tagged proteins are typically not expressed at the endogenous level. Therefore, quantification cannot be precise.
VI. Perspective
Nano-resolution fEM (nano-fEM) using super-resolution fluorescence microscopy can reveal the precise location of proteins within a cell. Unlike immuno-EM, protein localization is limited only by the ability to tag the protein of interest with fluorophores. This method can thus reveal the localization of proteins more quantitatively and at very high resolution. In the future, a few improvements could greatly extend the utility of this method. These improvements include the development of hydrophilic plastics that cross link with tissues, fluorophores that are osmium resistant, photoactivatable fluorescent proteins that can be imaged simultaneously in two color spectra, and a method to combine three-dimensional PALM imaging with electron tomography.
